Aims. We derive the dense core structure and the water abundance in four massive star-forming regions which may help understand the earliest stages of massive star formation. Methods. We present Herschel-HIFI observations of the para-H 2 O 1 11 − 0 00 and 2 02 − 1 11 and the para-H 18 2 O 1 11 − 0 00 transitions. The envelope contribution to the line profiles is separated from contributions by outflows and foreground clouds. The envelope contribution is modeled using Monte-Carlo radiative transfer codes for dust and molecular lines (MC3D and RATRAN), with the water abundance and the turbulent velocity width as free parameters. Results. While the outflows are mostly seen in emission in high-J lines, envelopes are seen in absorption in ground-state lines, which are almost saturated. The derived water abundances range from 5×10 −10 to 4×10 −8 in the outer envelopes. We detect cold clouds surrounding the protostar envelope, thanks to the very high quality of the Herschel-HIFI data and the unique ability of water to probe them. Several foreground clouds are also detected along the line of sight. Conclusions. The low H 2 O abundances in massive dense cores are in accordance with the expectation that high densities and low temperatures lead to freeze-out of water on dust grains. The spread in abundance values is not clearly linked to physical properties of the sources.
Introduction
Massive stars ( 10 M ⊙ ) play a major role in the interstellar energy budget and the shaping of the Galactic environment (Zinnecker & Yorke 2007) . However, the formation of such high-mass stars is not well understood due to several reasons: they are rare, have a short evolution time scale, they are born deeply embedded, and are far from the solar system.
The main sequence lifetime of massive stars is preceded by an embedded phase which subdivides into several classes of objects: massive pre-stellar cores (mPSC), which are local temperature minima and density maxima within dark clouds (Sridharan et al. 2005); high-mass protostellar objects (HMPO), where a central protostar is surrounded by a massive envelope with a centrally peaked temperature and density distribution (van der Tak et al. 2000); hot molecular cores (HMC), which have larger masses of warm gas and dust, and high abun-⋆ Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with participation of NASA. dances of complex organic molecules which have evaporated off dust grains and/or formed by warm gas-phase chemistry (Motte et al. 2003) ; and ultracompact H II regions (UCHII), which show large pockets of ionized gas confined to the star (Churchwell et al. 1990). A key question is to what extent these phases represent differences in luminosity and/or age, and if all high-mass stars pass through all these phases.
The water molecule is thought to be a sensitive tracer of physical conditions in star-forming regions, which acts as a natural filter for warm gas because of its large abundance variations between hot and cold regions (van der Tak et al. 2006). Moreover, because the dust continuum is strong at the higher frequencies, water lines connecting with the lowest energy levels can be seen in absorption, thus providing an alternative method to probe different depths in the protostellar environment (Poelman & van der Tak 2007). Measurements of the abundance of water are therefore a step toward understanding the energy budget of star-forming regions, and thus of the star formation process itself. (Pilbratt & et al. 2010) . We use the p-H 2 O groundstate line and two lines which constrain the excitation and optical depth (Table 1) , all three lying at similar frequencies and observed at similar resolution. The sources are four massive star-forming regions (Table 2) : the HMCs G31.41+0.31 and G29.96−0.02 and the HMPOs W33A and W43-MM1. We compare our results with those for two other regions: the UCHII region DR21 (van der Tak et al. 2010 ) and the HMPO W3 IRS5 (Chavarría et al. 2010, this volume) .
However, the aim is to discover trends in the water line emission for future extended studies, identifying links in the water abundance between the various evolutionary stages of high-mass star formation and to use water as probe of the gas dynamics around protostars. Given the small number of sources and lines observed, it is premature to look for general trends. The large amount of upcoming Herschel-HIFI data will help on this issue. Notes.
(a) Values from Hatchell & van der Tak (2003) , except W43-MM1 (Motte et al. 2003) and W33A (van der Tak et al. 2000) .
Observations
The four regions have been observed with HIFI on the 3 rd , 4 th and 6 th of March 2010 (see Table 2 ). Spectra were taken in double sideband mode using receivers 4a (p-H 2 O at 988 GHz) and 4b (p-H 2 O and p-H (Table 1) . Observations have been reduced with the Herschel Interactive Processing Environment 1 (HIPE) version 2.8. The intensity scale is converted to T mb using main beam efficiencies of 0.74. The double-side band continuum level has been divided by 2 to make its brightness directly comparable to that of the lines, which are measured in single sideband.
Results
Observed water lines for the four studied regions are shown in Fig. 1 . The H 2 O 1 11 − 0 00 line shows an absorption at the systemic velocity (V LSR ) in all sources. In all cases except G31.41+0.31, outflow wings are detected close to the main absorption, with a maximal shift of 3 km s −1 . These wings are seen in emission, which indicates an origin in hot, low-density (10 3 cm −3 ) gas (Poelman & van der Tak 2007). Absorption features are seen over a large velocity range in G29.96-0.02, W33A, W43-MM1 and more weakly in G31.41+0.31. The absorptions at velocity offsets >4 km s −1 likely originate in cold foreground clouds on the line of sight to the source. In contrast, the absorption features at smaller velocity offsets are plausibly related to cold clouds surrounding the dense cores (which other studies call the protostellar envelopes), which are all part of large-scale molecular clouds (see Fig. 2) . Table 3 The H 2 O 2 02 −1 11 line always appears in emission and shows a broad and a narrower velocity component (Fig. 1) . In addition, the spectra of G31.41+0.31 and W43-MM1 show two well defined self-absorption features which appear at the source velocity. With its high E up , this transition mainly traces warm gas, and the presence of these absorption features in G31.41+0.31 and W43-MM1 suggests a higher water abundance in these sources than in G29.96-0.02 and W33A. The components seen in emission have Gaussian shapes, one being wider (FWHM=20-40 km s −1 ) than the other (FWHM=6.4-8.0 km s −1 ). We associate the broad component with high-velocity outflows associated with the protostar also seen in 1 11 − 0 00 line emission. This component is symmetric with respect to the source velocity in G29.96-0.02 and W43-MM1, blueshifted by 2.8 km s −1 in W33A, and redshifted by 4.4 km s −1 in G31.41+0.31 (Table 3 ). The narrower (hereafter 'medium') component is potentially associated with shocked surrounding material where water is released in the gas phase. Indeed, shocks occur at the interface between jets and the surrounding dense envelope, with a velocity close to that of the massive dense core. Similar results are found in Kristensen et al. (2010) , Johnstone et al. (2010) and Chavarría et al. (2010) .
The H 18 2 O 1 11 − 0 00 transition is seen in absorption at the source velocity in G31.41 and W43-MM1, which is not sat- urated. This feature originates from the massive envelope. In G29.96, the pure emission profile of this transition implies a warm diffuse gas origin. Since G29.96 is also the brightest source in the narrower component of the 988 GHz line, we suggest that the H 18 2 O emission is dominated by shocks at the interface between jets and the envelope. The P-Cygni-like profile for W33A is a mix of both behaviors: the sum of an absorption feature due to the massive core and emission from an outflow. The fact that the emission is seen only on the red-shifted part of the profile is consistent with the outflow components seen in 1113 GHz and 988 GHz lines, which are also more powerful on the red part of the spectrum.
Discussion and conclusions
To derive the water abundance in the four massive dense cores we have removed features related to outflows and foreground clouds from the spectrum before any line modeling. The high spectral resolution of HIFI is essential in this process, in particular for the absorbers with velocities close to that of the central source. Studying the H 18 2 O 1 11 − 0 00 transition prior to the others also facilitates to disentangle the envelope contribution, since this line is not saturated having a lower optical depth than the main H 2 O isotope.
Once the main contribution is extracted, we model its profile according to the method described in Marseille et al. (2008) : first, the dust emission from the massive dense core is reproduced with the MC3D radiative transfer code (Wolf et al. 1999) , including total luminosity and density profile from the literature (power-law index p = −1.5); second, the temperature profile obtained is used to model the line emission with the RATRAN code (Hogerheijde & van der Tak 2000) . The free parameters are: X H 2 O the molecular abundance relative to H 2 , and turb , the turbulent velocity width.
Good fits are obtained for the H 18 2 O 1 11 −0 00 transition, which is not saturated unlike the H 2 O lines. The fitting considers both the line strength (area and width) and the profile shapes. We have computed a grid of X H 2 O and turb values, adapting step by step the grid around the best χ 2 . Using a 16 O/ 18 O ratio of 500, we proceed to model the main isotopic water lines. The H 2 O abundance is kept constant in our models. We have tried models with an abundance increase in the inner region where T > 100 K, but the current data do not favor these models above the constantabundance models.
We estimate the absolute uncertainty in the retrieved H 2 O abundance to be a factor of 10. Since we use the same modeling strategy as the studies by van der Tak et al. (2010) and Chavarría et al. (2010) , the abundances obtained should be comparable to better than a factor of 3. Our observed spread in abundances of a factor of ∼100 is much larger than this uncertainty. The same range of abundances is found in other HIFI-based studies of high-mass star-forming regions (van der Tak et al. 2010; Chavarría et al. 2010) , and also in previous work with ISO (Boonman et al. 2003) and from the ground (van der Tak et al. 2006 ).
In conclusion, for the massive star forming regions described in this letter, we clearly detect the contribution of the envelope within the dense core. It is limited to a strong self-absorbed feature, mainly seen in the ground-state line. In order to evaluate it, we first have to remove emission from outflow shocks and absorption by foreground clouds along the line of sight. The velocities of the absorbers indicate that some are part of the close environment of the source, while others are physically unrelated. The derived massive dense core abundances suggest a strong freeze-out of water on dust grains, and imply that water plays only a minor role in the thermal balance of the gas.
The H 2 O line profiles do not seem to depend on the supposed evolutionary stage of the source. For example, the two 'hot molecular cores' G31.41 and G29.96 show very different line profiles, and also their H 2 O abundances differ by a factor of ∼100. Also, the abundance variations that we have found do not seem related to the luminosity of the sources, their temperature or their turbulent velocity field. However, the number of cases treated is not sufficient for a statistical treatment. Future studies following the same procedure with a larger number of sources should conclude on this issue. Within our sample, the highest H 2 O abundances are derived for G31.41 and W43-MM1 which show self-absorbed 2 02 −1 11 line profiles (Fig. 1) . As these sources are not the most luminous, hot, or active ones in our sample, the origin of such a high abundance is unclear.
Firm conclusions about a link between water emission behaviour and the evolutionary stage of the source are limited by the small number of sources. Our data show that water is a useful tool to understand the gas dynamics in and around massive stars forming regions. Future multi-line studies of larger samples are highly promising to answer key questions about the formation of massive stars. 
